This paper presents a miniature wrist that can be integrated into needle-sized surgical instruments. The wrist consists of a nitinol tube with asymmetric cutouts that is actuated by a single tendon to provide high distal curvature. We derive and experimentally validate kinematic and static models for the wrist and describe several prototype wrists, illustrating the straightforward fabrication and scalability of the design. We experimentally investigate fatigue life, the concept of tip-first bending, and practical use of the wrist with a concentric tube robot in an endonasal surgical scenario.
Introduction
Minimally invasive surgery is constantly being redefined by surgeons and engineers as surgical devices continue to decrease in size. With smaller devices come benefits such as reduced scarring and patient pain. Needle-sized devices have even been used to perform near scarless procedures [1] , and they also present exciting opportunities for use in the pediatric population [2] . However, as the diameter of these devices decreases, it becomes increasingly more difficult to create dexterous surgical instruments. Consequently, existing needle-sized devices have limited dexterity and provide a limited number of degrees-of-freedom, reducing their potential impact. The goal of the wrist design presented in this paper is to provide additional degrees-of-freedom and dexterity to needle-sized surgical tools. The added dexterity and degrees-of-freedom could enhance existing needle-sized instruments used in microlaparoscopy [3] , retinal surgery [4] , and gynecological procedures [5] , while also providing the ability to navigate sharp corners in the anatomy as would be encountered at the skull base [6, 7] , in the middle ear [8] , and in the ankle [9] .
There have been a number of different wrist designs presented in the literature, including designs based on traditional mechanical linkages, such as ball joints [10] , universal joints [11] , cables and pulleys [12] [13] [14] , lead screws [15, 16] , serial chains in parallel [17] , and flexures [18, 19] . These designs range from 2.4 to 15 mm. While it may be possible to downscale each of these designs to some extent, continuum structures are often more easily miniaturized than mechanical linkages.
Multiple forms of continuum wrists and dexterous structures have been designed, including a cable-ring design [20] , a rolling variable neutral-line mechanism [21] , interlocking fiber designs [22, 23] , a flexible multibackbone design [24] , a compliant rollingcontact design [25] , and a flexible tubular nitinol structure [26] , among others. One promising design being investigated for endonasal skull base surgery is the multi-actuation mechanism found in Ref. [27] that uses multiple cable routings to create a single steerable device. For a thorough review of joints used in existing bendable surgical instruments; see Ref. [28] . In general, designs with fewer components have shown better scalability, and thus designs that involve selective removal of material from a cylindrical substrate to create flexural elements are appealing.
Manufacturing a region of compliant bending in nitinol tubing has been investigated by several groups. Kutzer et al. created a 6 mm tool for arthroscopy that used rectangular, symmetric cutouts [29] . Wei et al. used triangular cuts that were made in nitinol tube to create a similar manipulator [30] . A 10 mm tool used for endoscopic camera steering was developed by Fischer et al. [31] . Various finite element analyses were undertaken by several groups to aid the design of compliant bending regions in nitinol tubes [32, 33] . Catheters with bendable nitinol tips were made by both Haga et al. [34] and Bell et al. [35] , and a steerable needle tip was created using a machined nitinol tube by Ryu et al. [36] .
In this work, we have created a miniature wrist for needle-sized surgical instruments that is made using asymmetric, rectangular cutouts in a nitinol tube, forming a compliant bending region that is actuated with a single tendon. The wrist can be outfitted with various surgical end effectors for delivering treatment in tight spaces (see Fig. 1 ). Our wrist most closely resembles the catheter and needle designs of [34] [35] [36] , but operates by a simpler principle and can bend more tightly. Our wrist is straightforward to manufacture and does not employ the intricate spring cutout design nor hydraulic actuation of the active catheter of Ref. [34] . It is small enough for use on needle-sized devices and does not require a nitinol restoring spring like the active catheter design of Ref. [35] . It is also able to achieve a larger deflection over a smaller radius of curvature compared with the active needle design of Ref. [36] . Our wrist is actuated with a single tendon and can be prototyped using inexpensive manufacturing methods. The design is scalable, and the wrist can easily be integrated into needle-sized surgical tools.
The contributions of this work include validation of the kinematic and statics models for asymmetric cutout wrists, a low-cost manufacturing process, a design method to accomplish tip-first bending of the wrist, and experimental testing of the fatigue life and scalability of the wrist. A preliminary version of some results in this paper can be found in Ref. [37] . In Ref. [37] , the kinematic and statics models were derived, and a prototype of the wrist was presented. Additions and enhancements in this archival paper include a new tendon attachment method, a physical demonstration of downscaling the wrist below 0.5 mm, and integration of the wrist with a needle-sized device for endonasal skull base surgery.
Design Concept
The wrist is composed of a series of asymmetric cuts made into a nitinol tube (see Fig. 1 ). The cutouts selectively modify the bending stiffness along the tube tip and enable actuation of the wrist using a single tendon. While symmetric cutouts have been investigated in a variety of devices [29, 31, 32] , the asymmetric cutout geometry offers several advantages over symmetric cutouts (Fig. 2) . Using an asymmetric cutout creates a larger moment arm between the tendon and the neutral bending plane, resulting in a lower actuation force. Additionally, actuation of the asymmetric design requires only one tendon, simplifying the tendon routing compared with symmetric designs and improving scalability of the design. Finally, the offset neutral bending plane of the asymmetric design results in a tighter radius of curvature about the centerline of the wrist. While the asymmetric design can only bend in one direction, this is not a major concern so long as the entire device can be rotated.
Another key feature of our miniature wrist is the ease of integration with needle-sized tools, which is achieved by machining the wrist directly into the needle shaft itself. This prevents the need to affix the wrist onto the end of a millimeter scale tube using adhesives or other mechanical fasteners. Other wrist designs require a connection between the wrist and the tool shaft (see Refs. [15, 19] , among others), which could ultimately prove problematic at the millimeter scale, where there is often insufficient surface area for adhesives and mechanical fasteners are not available.
Kinematic Model
To model the kinematics of the wrist, we first consider a single cutout. We assume that all the bending takes place in the cutout sections, and that these sections deform in circular arcs. In the same manner as Ref. [38] , tendon displacement (actuator space) is mapped to arc parameters (configuration space), and then, arc parameters are mapped to task space. The curvature (j) and arc length (s) we seek are defined in Fig. 3 . For a complete derivation of the kinematic model presented below; see Ref. [37] .
In order to find j and s, the neutral bending plane of the cutout is analyzed. The neutral bending plane is the region of a member that experiences no longitudinal strain during bending. For our wrist, the neutral bending plane, y, is assumed to intersect the centroids of the axial cross sections of the cutout portions of the tube (see section view A-A in Fig. 4) . The location of y, which is valid for cuts that are at least as deep as the outer radius of the tube, is given by
where areas A o and A i are defined in Fig. 4 , y o and y i are their respective centroids, and / o and / i are their central angles (c) A laser fiber is deployed through the wrist, illustrating the use of the wrist to aim a laser. Fig. 2 The difference between a symmetric cutout design (left) and an asymmetric design (right) is shown. Note the significantly longer moment arm and reduced tendon force required to actuate the asymmetric design. Fig. 3 The arc parameters and kinematic values for a single cutout section of the wrist are shown. Cut height is denoted by h, while the chord, t, followed by the tendon is equal to h 2 Dl, where Dl is the tendon displacement. The angle c defines the angle the tendon must navigate at each corner and is used to calculate the friction on the tendon in Sec. 4.
Using y, the arc geometry (see Fig. 3 ), and a small-angle approximation, we can now find the curvature (j) and arc length (s) for a given tendon displacement (Dl)
A homogeneous transformation between frames j and j þ 1 (as defined in Fig. 3 ) can now be defined using j and s, as in Ref. [37] . The kinematic transformation from the base to the tip of the wrist is found by repeatedly applying this homogeneous transformation with translations along the z jþ1 axis to account for the solid portions of the tube that do not bend. The angle of rotation for each section can be found using j and s as
and the maximum bending angle and minimum radius of curvature (an approximation of a circular arc passing through the fully deflected wrist; see Fig. 5 ) are
where n is the number of cutouts. The wrist kinematics are experimentally validated in Sec. 5.2.
Statics Model
In order to model the statics behavior of the wrist, we begin by looking at the strain in a cross section of the cutout portion of the tube in bending, which under the constant curvature assumption varies according to
It is assumed here that the strain is linearly distributed about the neutral bending plane, which allows for a simple computation of the strain energy. The strain energy can then be used with Castigliano's first theorem to obtain the required actuation force. Using a piecewise linear stress-strain curve, a simplified material model for nitinol is used here such that the stress can be expressed as a function of strain as follows:
in which the lower plateau stress r lp corresponds to compression, the upper plateau stress r up corresponds to tension, and E is Young's modulus. The strain energy density is defined here as the area under the stress-strain curve WðeÞ ¼ Ð e 0 rðeÞ de due to the fact that the material deformation is modeled as a onedimensional stretching and compressing of axial fibers. The total strain energy stored in the wrist is UðjÞ ¼ n Ð Vc Wðeðy; jÞÞ dV, where the volume V c is computed using the cross section of uncut tube shown in section view A-A (see Fig. 4 ) and the cutout height h. Finally, the relationship between tendon force F and rotation h of the wrist can be found using Castigliano's first theorem
in which L defines the moment arm length, and h ¼ nsj. Because of friction, the force applied by the tendon at the tip of the wrist will be less than the actuation force applied on the tendon. In order to account for this frictional loss, a simple model was developed in Ref. [37] that considers the angle c (see Fig. 3 ) that the tendon must navigate at a single corner of a cutout section of tube. Fig. 4 The geometric parameters that can be selected for the wrist design include the uncut section height c, the cutout height h, the cut depth g, and the outer and inner tube radii r o and r i . Section view A-A illustrates the areas A i and A o used to calculate the neutral bending plane location. The force applied by the tendon after passing over a single corner is defined as
where l s is the static friction coefficient, and g < 1 approximates the frictional losses due to the corner. Substituting Eq. (9) into Eq. (8) and using 2n to incorporate the number of corners encountered by the tendon (two corners per cutout) gives an equation relating the tendon force to the wrist angle
For a complete derivation of the statics model; see Ref. [37] . The statics model is experimentally validated in Sec. 5.2.
Wrist Fabrication and Testing
For the prototype shown in Fig. 6 , a nitinol tube with an outer diameter (OD) of 1.16 mm and an inner diameter (ID) of 0.86 mm was used. The cut depth selected for this prototype was g ¼ 0.965 mm, which corresponds to a maximum outer-fiber strain of approximately 10.4%. 1 We selected a cut height of h ¼ 0.51 mm, spacing between cuts of c ¼ 0.51 mm, and n ¼ 5 cuts in order to achieve at least 90 deg of bending. These choices resulted in a wrist with a maximum angle of rotation h max of 138 deg and a minimum radius of curvature q min of 1.42 mm. This wrist was used to validate the kinematic and statics models below, and the wrist was fabricated using a computer numerical control (CNC) milling process.
To create the wrist using CNC milling, we first make a fixture (Fig. 7) by machining a slot into an aluminum block. The slot width and depth equaled the OD of the nitinol tube. We used a MicroProto Systems MicroMill 2000 CNC mill (a small tabletop CNC that cost approximately $2500 to purchase new) to end mill the slot. The nitinol tube was attached to the fixture using cyanoacrylate adhesive. After creating the fixture, the cutouts in the nitinol tube were machined with the same CNC machine and aluminum titanium nitride coated, two flute, carbide, long flute square end mills. An example of a wrist made with this process can be seen in Fig. 6 , and a detailed view of the wrist (after removal of the chips) showing the surface finish can be seen in Fig. 8(a) .
We also fabricated wrists with wire electrical discharge machining (EDM) that are nearly identical to the CNC wrists, with the main exception being the rounded corners found on the wire EDM wrist cutouts (see Fig. 8(b) ). These rounded corners are created by the wire that makes the cutouts, and the radius of these rounded corners is determined by the diameter of EDM wire used. From a basic strength of materials standpoint, the rounded corners should result in lower stress concentrations during actuation in comparison to the square cutout design. However, the heat of the wire EDM process may induce unwanted material characteristics into the wrist. A comparison of the fatigue life for the CNC wrist and the wire EDM wrist is performed in Sec. 5.3.
Tendon Attachment Methods.
In this work, actuation of the wrist is performed using a single tendon that is made of nitinol. Several tendon attachment methods to rigidly hold the tendon at the tip of the wrist have been explored. First, the tendon was looped around the tip of the wrist and passed through the most distal cutout and back to the base of the wrist [37] . A knot at the end of the tendon wire was also used (see Fig. 13 ). The method used for the work presented here was to secure the tendon to an end cap that was located at the tip of the wrist (see Fig. 9 ). The end cap has two holes in it, located at the outer wall of the tube, and the tendon is looped through one hole and back through the other before being terminated in the tip of the wrist. This sharp bend in Fig. 6 A wrist with a curette at the tip is shown bending from 0 to 90 deg. The sequence order is in the top left of each image. Note that the curette is also being rotated while the wrist is actuated. Fig. 7 The fixturing setup used for the CNC manufacturing process. The slotted aluminum fixture used to make the wrists, with a nitinol tube glued into the fixture, is held in place by the CNC vise.
1
Note that this is slightly higher than the 8-10% recoverable strain typically quoted for nitinol, but that we have found it to work well in practice, since only a small amount of the material at the very outside edge of the wrist undergoes this strain, and then only at maximum articulation. the tendon plus the friction between the tendon and the end cap rigidly hold the tendon in place. This method helps to reduce the frictional effects on the tendon, ultimately lowering the actuation forces required to articulate the wrist compared with the looping tendon attachment method [37] . It also results in full articulation of the wrist, since none of the cutouts is held open by the looped wire as in Ref. [37] . Finally, the use of a single tendon increases the available space inside the tube for additional wires to actuate an end effector or perform a task.
Model Validation.
We performed an experiment to explore the accuracy of both the kinematic and statics relationship concurrently. A linear slide (Velmex A2512Q2-S2.5) with 0.01 mm resolution was used to displace the tendon and a force sensor (ATI Nano 17) with 3.125 mN resolution measured the force required to actuate the wrist. The force sensor was mounted to the linear slide, and a collet holder attached to the end of the slide held the wrist. An acrylic plate was mounted to the front of the force sensor, and the tendon was fixed to this plate. The tendon was fixed at the end of the wrist using the end cap. The wrist was deflected by increments of 0.2 mm in tendon displacement, and a microscope with camera attachment captured an image of the deflected wrist at each point (see Fig. 10 ). Each image was processed manually in order to determine the tip position of the wrist, and comparison with the kinematic model is shown in Fig. 11 .
The experimental comparison with the statics model is shown in Fig. 12 . For the material properties, note that nitinol has an asymmetric stress strain relationship in tension and compression. We assume plateau stresses of r lp ¼ À750 MPa and r up ¼ 500 MPa and a Young's modulus of E ¼ 60 GPa, which fall within ranges reported by the manufacturer and in the literature [39, 40] . A coefficient of friction of 0.2 was selected to account for the frictional losses experienced by the tendon when passing over the sharp corners of the cutouts. Using a sensitivity analysis, it was determined that the statics model is most sensitive to the cut depth, with a 1% change in the cut depth resulting in an over 11% change in the required actuation force. Conversely, a 1% change to Young's modulus, the plateau stresses, and the coefficient of friction each resulted in less than a 1% change in the required actuation force. Due to the sensitivity of the model to cut depth and uncertainty in machining tolerances, we fit the cut depth to the model. The fitted cut depth used for the model shown in Fig.  12 is 0.988 mm, which provided the best agreement with the experimental data. Note that the superelastic, nonlinear behavior of the material is clearly captured by the model. The tail at the end of the experimental data likely corresponds to elastic deformation of the portion of the nitinol tube that has transformed into martensite [41] , which is not captured by the model.
Fatigue Test.
We performed an experiment to test the fatigue life of the wrist to ensure that the design would be safe for use in surgical applications, where the wrist may be deflected hundreds of times during a procedure. In order to test the fatigue life, we built a motorized setup that would repeatedly actuate the wrist between 0 and 90 deg of bending while simultaneously measuring the actuation force of the tendon in order to determine when the wrist broke. The CNC wrist failed after a total of 8397 cycles, while the wire EDM wrist failed after a total of 8121 cycles. We also fatigue tested the CNC tip-first bending wrist described in Sec. 6.2, which broke after 5858 cycles (note that the cutout geometry of this wrist resulted in a maximum articulation angle of 84 deg). Given that the wrist is intended to be used as a disposable or limited use instrument (similar to the da Vinci tools), the number of cycles to failure is more than adequate to provide a reasonable factor of safety.
Scalability and Tip-First Bending
Two benefits of the wrist design presented in this work are the ease with which it can be scaled down due to the limited number of mechanical components and simple actuation scheme, and the ability to selectively alter the stiffness of the device along its length.
6.1 Scalability of Wrist. By creating the wrist from a single nitinol tube and actuating the wrist with a single tendon, it can theoretically be scaled down to the smallest diameter nitinol tube available (0.178 mm as of this writing [42] ). One surgical application for such a small wristed tool is retinal surgery, where the tools used are often less than 0.5 mm in diameter [4] . The physicians often must choose between straight and prebent tools for Fig. 9 The use of an end cap to attach the tendon to the tip of the wrist is shown. This is the tendon attachment method used in this work. Fig. 8 (a) A detailed view of the wrist manufactured using the low-cost CNC milling method. Note the square corners of the cutout made by the square end mill. (b) This wrist was manufactured using wire EDM, and the rounded corners produced by the wire can be seen clearly in the inset.
retinal surgery, and thus, the ability to selectively deflect the tool would be beneficial. To validate the scalability of our design, we manufactured a microwrist (see Fig. 13 ) from a 0.46 mm OD and 0.28 mm ID nitinol tube using wire EDM machining. The wrist was designed using five cutouts with a 0.33 mm depth of cut, a 0.15 mm cut height, and a 0.15 mm spacing between cuts. We experimentally tested the wrist using the same procedure as described in Sec. 5.2 and compared the motion of the wrist and the force required to actuate it with the kinematic and statics models. The nitinol properties used were the same as in Sec. 5.2, and the depth of cut and coefficient of friction were fit to the data to provide the best agreement. The experimental results can be seen in Figs. 14 and 15 and indicate that our model can be used for varying wrist geometries.
Tip-First
Bending of the Wrist. The ability to bend the tip section first is often desirable when space is limited, as it allows for the tightest radius of curvature for each bending angle. This motion, in which the most distal cutout bends first, followed by the next most distal cutout, and so on, is opposite to the performance of most other tendon-actuated devices, such as steerable catheters. With our wrist, we are able to create tip-first bending by varying the cut height of each cutout such that the most distal cutout has the deepest cut depth and thus the lowest actuation force, and the more proximal cutouts have an increasingly shallower depth of cut.
In order to achieve tip-first bending, we first select the number of cutouts n and cut height h of the cutouts in order to specify the bending radius of the wrist. We then determine the cut depth for the most proximal cutout, as we want this cutout to require the greatest actuation force and bend last. The cut depth of the Fig. 10 The experimental setup used for the kinematics and statics experiment is shown. The wrist was placed directly below a microscope and was held in place using a collet. The tendon was then affixed to a force sensor that was mounted to a linear slide. This allowed for simultaneous collection of force and displacement data. Fig. 11 The kinematic model predicted and experimental wrist tip spatial trajectory is shown. The wrist starts at top of the figure and rotates counterclockwise from 0 to 140 deg. These results show that the constant curvature assumption is a reasonable approximation for this geometry, since the wrist tip closely follows the path predicted by the model. It also validates the predicted maximum angle of rotation (138 deg) of the wrist. Fig. 12 The statics model predicted and experimental results shown here correspond to the tendon force required to actuate the wrist. Note that the model captures the superelastic material behavior, as seen by the change in slope at about h 5 30 deg. Fig. 13 A 0.46 mm OD wrist was made using wire EDM manufacturing and is shown being deflected to approximately 90 deg. It is overlaid here on a penny to provide a sense of scale. For this photograph, the tendon was tied at the end of the wrist since the end caps made for the 1.16 mm wrist prototype were much larger than the 0.46 mm tube.
proximal cutout is chosen such that the uncut region experiences the largest allowable material strain at full bending, given by
We use this equation along with Eqs. (1) and (2) to determine the maximum allowable cut depth for the proximal section, g p . We then select the cut depth of the most distal cutout to be g d ¼ r o þ r i , which corresponds to the lowest allowable actuation force and material strain. Finally, we linearly select the remaining cut depths using g i ¼ ðg d À g p Þ=ðn À 1Þ, where g i corresponds to the increase in cut depth of each remaining cutout, starting from the most proximal cutout and moving to the most distal cutout.
Tip-first bending can be seen in Fig. 16 , where the proximal cutout had a depth of 0.965 mm, the middle cutout had a depth of 0.985 mm, and the distal cutout had a depth of 1.005 mm. The nitinol tube used to make this wrist had an OD of 1.16 mm and an ID of 0.86 mm. The wrist was manufactured using the CNC method described in Sec. 5.
Wrist Integration With Concentric Tube Robot
One of the most useful features of the wrist is the ease with which it can be integrated into needle-sized surgical devices. One device that could benefit from the addition of such a wrist is the concentric tube robot. Concentric tube robots are needle-sized robotic manipulators that are composed of a series of nested, precurved, superelastic nitinol tubes, often less than 2 mm in diameter, that are often designed for medical applications [43] . They have been investigated for use in prostate removal [44] , cardiac applications [45] , endonasal skull base surgery [7] , and prostate brachytherapy [46] . Because the wrist is made from a nitinol tube (the same material used to make concentric tube robots), the wrist can be directly machined into the inner-most tube of a concentric tube robot. This prevents the need for mechanically joining the wrist and the concentric tube robot and simplifies the overall system. With the use of a single tendon for actuating the wrist, there is little added complexity to the overall concentric tube robot as well. We integrated the wrist into a concentric tube robot presented in Ref. [7] , designed for removing pituitary tumors through the nose (see Fig. 17(a) ). We then validated the use of the wrist in this procedure by removing gelatin from a phantom skull base model using the same experimental setup as Ref. [7] . An endoscope view of the wrist deflecting to deliver the phantom tumor to the suction device is shown in Fig. 17(b) .
Discussion
The aim of the wrist presented in this work is to provide additional degrees-of-freedom and dexterity to needle-diameter surgical tools. One day, such a wrist may even enable surgical approaches that are currently infeasible using existing rigid needlescopic tools. By manufacturing the wrist into the tool shaft itself, integration of the wrist with current rigid needlescopic tools is straightforward. The modeling results predict the behavior of the device and enable design of the wrist for specific surgical tasks. The wrist is straightforward and low-cost to manufacture, and the design is scalable. We have also demonstrated the use of the wrist with a concentric tube robot in a surgical scenario.
Despite the simplicity of the design, there remains a large design space for varying the wrist performance. In this work, we restrict our attention to analyzing rectangular-shaped cutouts, which can be inexpensively manufactured using conventional micromilling techniques. Using a rectangular cutout profile, the designer is able to select the height, depth, and spacing between the cuts, in addition to the number of cutouts and the outer and inner radii of the tube. Using the models and design principles in this work, the user can create a wrist that has desired performance characteristics, such as minimum radius of curvature, maximum bending angle, and maximum tendon actuation force.
The two most important features of the wrist are the tube radii and the depth of cut, as they determine the location of the neutral bending plane, which consequently affects the kinematics, the strain in the portion of nitinol in bending, and the actuation force. The cut height is not as critical as the cut depth at determining the wrist performance, but it does affect the bending radius of the Fig. 14 The kinematic model is validated for the submillimetric wrist (0.46 mm OD). These results again indicate that the constant curvature assumption is a reasonable approximation. Close inspection of the wrist at high articulation reveals that the small cutouts are not closing fully, preventing the wrist from reaching the full articulation predicted by the model. Fig. 15 The statics model is also validated for the submillimetric wrist (0.46 mm OD) Fig. 16 This sequence shows the wrist bending from the tip first. In order to accomplish this behavior, the wrist is manufactured such that the most distal cutout has the deepest cut depth, and each sequential cutout is shallower than the cutout before it. This lowers the required actuation force for the most distal cutout and results in the behavior seen here.
wrist and care must be taken not to make the cut height too large, or else the risk of buckling will increase and the constant curvature assumption will no longer hold. Decreasing the spacing between the cuts decreases the radius of curvature of the wrist, so one should select the smallest spacing that is able to withstand the required actuation forces without breaking. The use of nonuniform cut depths also affects the performance of the wrist, as illustrated in Sec. 6.2, and this capability may prove useful for certain anatomical scenarios or tasks. While it is not possible with the tipfirst bending design to prevent some actuation of the proximal sections, the method for tip-first bending described in Sec. 6.2 provides a good approximation for tip-first bending of the wrist.
A potential source of error in the models is the implicit assumption in Eq. (6) that cross sections do not deform during bending, which is a common assumption in beam bending analysis. However, because the wrist will ultimately be controlled under direct visual feedback by the physician, these uncaptured effects can easily be corrected by the human-in-the-loop. This also holds true for any discrepancies between the kinematic model and the experimental data. Furthermore, the fact that the experimental actuation force at extreme rotation angles is higher than the model prediction allows for a simple maximum force limit for safety.
One interesting observation from the fatigue test is that the CNC machined wrist had more cycles to failure than the wire EDM wrist. Given the rounded corners of the wire EDM cutout, one might expect these rounded corners to improve the fatigue life of the wrist, but the opposite was shown here. Additional fatigue tests can help investigate the difference between the number of cycles to failure for the two manufacturing methods. It is also worth noting that the coefficient of friction, an unknown parameter that was selected for agreement between the model and the experimental data, depends on factors such as surface finish and geometry. Future work could investigate additional differences between manufacturing methods, including whether wire EDM manufacturing introduces more heat to the nitinol tube, which may alter the material properties of the nitinol and change the performance of the wrist. Many other avenues exist for future research as well, including optimal wrist design for specific anatomical tasks and the use of nonrectangular cutouts [36] for improved performance of the wrist.
Conclusion
As surgeons continue to decrease invasiveness through the use of smaller tools, there is a pressing need to provide them with dexterity at the tip of these needlescopic instruments. In this work, we present a needle-sized, tendon-actuated wrist that is straightforward to manufacture and provides bending in a small radius of curvature, perfect for the tight anatomical spaces where needlescopic tools are often used. A modeling framework is presented for the wrist, and the kinematic and static models are validated using a prototype wrist manufactured in-house on a tabletop CNC. Simple actuation methods are presented for the wrist, and the wrist design and model are shown to be scalable. Tip-first bending of the wrist, a desirable characteristic in tight spaces, is demonstrated by using nonuniform cutouts, and the utility of the needlesized wrist is illustrated in an anatomical model. The wrist design presented here may one day provide surgeons with the required dexterity to operate in tight anatomical spaces where existing rigid tools cannot be used, thereby decreasing invasiveness and potentially opening the door for exciting new surgical approaches. 
